Abstract: Egg deterioration occurs during storage time, which leads to quality loss. Thus, different preservations methods have been used to extend the shelf-life and maintain the safety of eggs. Edible coating materials based on biopolymers, such as starches and other renewable sources, have been used for different food products and been identified as an effective method of food preservation. In this study, eggs were coated with edible coatings prepared from sweet potato starch (SPS) and varying levels of thyme essential oil (TEO), including 0 (control), 2%, 4%, and 6%. The quality and safety of the coated and uncoated eggs during five weeks of storage at 25 • C were studied. The application of 4% TEO in SPS-based coatings maintained the quality and safety of eggs two weeks longer than non-coated eggs. This study showed that the SPS-TEO coating could be useful in extending the shelf life of eggs during storage time, by delaying changes in egg quality.
Introduction
Eggs are globally consumed in people's diets, and they are an excellent source of high-quality protein and other nutrients [1] . A large, raw, and fresh egg which weighs 50 g provides 74.5 kcal, and contains 6.25 g proteins and 5.01 g total fat. According to the literature, eggs are considered to be the main source of cholesterol in the diet. However, more than half of the total fat is unsaturated (1.9 g monounsaturated, and 0.7 g polyunsaturated). In addition, eggs are a good source of vitamins and minerals, such as vitamin A, vitamin E, folate, iron, and zinc [2] .
The grading of eggs depends on the weight and internal quality of the eggs, such as the egg white, yolk, and air cell. The movement of carbon dioxide and moisture through the shell during the storage of eggs may affect the quality of the eggs, including weight loss and interior quality deterioration, in addition to the microbial contamination commonly known as Salmonella enteritidis. The possible sources of this contamination in eggs are dust, nesting materials, and feces [3] , that can penetrate into the interior of eggs or contaminate the surface of the egg shell [1] .
The increasing resistance of microorganisms to traditional chemicals and drugs has prompted scientists to search for natural sources of antimicrobials with greater effectiveness against a large variety of organisms, and to maintain the quality of eggs [4] . Recently, there has been increasing interest in the use of natural antimicrobials in food products to maintain food quality and enhance safety and stability. Natural antimicrobials are widely acknowledged as alternatives to synthetic agents. Various natural antimicrobials, like plant essential oils, have been tested. These compounds are effective antimicrobials and have no allergenic potential. Our previous research has shown that thyme essential oil (TEO) has strong antimicrobial activity against species of Salmonella [5] . TEO does not impose any risk of allergenicity and has no adverse effects on humans, so it is recognized as safe (GRAS) by the European Commission (EC) and the United States Food and Drug Administration (USFDA) [6] . However, direct application of natural antimicrobials may adversely affect the sensory properties of the foods.
An edible coating-a thin layer of biopolymers-could be a carrier of antimicrobials which extend the shelf life of food. Starch is the predominant form of polysaccharide that is used to manufacture polysaccharide-based edible coatings. Sweet potato starch (SPS) is obtained from sweet potatoes (Ipomoea batatas Lam), and is cost-effective and readily available across the globe. In our previous research, biodegradable films from SPS were developed which possess good mechanical properties [7] . Although SPS films are efficient gas barriers, they have weak moisture permeability because of their hydrophilic properties. Thus, our group [8] tested the incorporation of TEO into SPS-based coating. Our results indicate that this system could be useful in extending the shelf life of shrimp meat during refrigerated storage.
To the best of our knowledge, no literature is available on the effect of a starch and essential oil system in preserving the quality and safety of eggs during storage. Thus, the main goal of this research was to develop SPS-based edible coatings that incorporated TEO (antimicrobial agent) to address issues of the quality and safety of food, as well as environmental sustainability. The specific objectives of this study were to: (a) evaluate the quality (Haugh units, yolk index, shell breaking strength, shell color, albumen pH, and weight loss); and (b) investigate the antibacterial activity of SPS-based edible coatings on eggs during five weeks of storage at 25 • C.
Materials and Methods

Preparation of Egg Samples
White shell hens' eggs were procured from a grocery store and used in this study. Upon arrival, eggs were screened for defects (cracks, breakage, inconsistent shell color, and cleanliness), then the eggs were weighed for the desirable weight range (50-70 g) using a balance. Eggs were kept in a refrigerator at 4 • C overnight before coating the next day.
Preparation of Coating Solutions
In order to prepare the edible coating from SPS, an adequate amount of SPS (50 g) was mixed at 25 • C with 1 L of distilled water for 20 min. To initiate gelatinization, the temperature of the solution was raised up to 80 • C and continued for 30 min. Then, glycerol at 2% (w/w, on dry basis of the weight of starch) (Fisher Scientific, Fair Lawn, NJ, USA), was added and mixed for 5 min [7] . In this study, TEO (Thymus vulgaris, New Direction Aromatics, Mississauga, ON, Canada) at various levels including 0.0%, 2.0%, 4.0%, and 6.0% (v/v) was mixed with Tween 80 (Fisher Scientific, Fair Lawn, NJ, USA) and homogenized in the coating solution for 5 min using a laboratory homogenizer (Homogenizer, OMNI International, Kenneswa, GA, USA). Finally, ultrasonication was performed to degas the coating solution. This practice prevents any bubble formation in the coating solution.
Coating of Eggs with Coating Solutions
At least 2 h prior to the coating treatment, the eggs were adjusted to room temperature to prevent any condensation which may interfere with coating. The eggs were washed with clean tap water and dried for 30 min. They were then gently immersed in the coating solutions using sanitized tongs for 1 min. This process was repeated once more, and they were then dried at room temperature for 3 h. The eggs were subsequently placed in plastic egg trays and stored at room temperature (approximately 25 • C) for five weeks during the experiments. The eggs were randomly assigned to five treatments, including treatment 1 (T1 = uncoated, served as control), treatment 2 (T2 = SPS-based coating), treatment 3 (T3 = SPS-based coating with TEO at 2%), treatment 4 (T4 = SPS-based coating with TEO at 4%), and treatment 5 (T5 = SPS-based coating with TEO at 6% w/w). Ten eggs were assigned to each treatment group. Among them, six eggs were randomly selected from each group during the storage time for quality and safety analyses.
Determination of Haugh Unit
A tripod micrometer (Model S-6428, B.C. Ames Inc, Melrose, MA, USA) was used to measure the height of the yolk and albumen. The following formula was then used to calculate the Haugh units of eggs:
where HU = Haugh Units; H = height of the albumen (mm); and W = egg weight (g) [9] .
Yolk Index
Stadelman [10] described the yolk index as the ratio of yolk height to yolk width.
Mechanical Properties of the Egg
Shell breaking strength is defined as the minimum force (kgf) required to cause failure of the shell. Egg shell breaking strength was measured using a stable micro systems texture analyzer (Model TAXT2, Texture Technologies Corp, Scarsdal, NY, USA). Shell thickness was measured after removing the internal membranes of the egg shell [11] .
Color Properties of the Shell
Clean and dirt-free eggs with a smooth shell surface were selected for color measurements. A Minolta Chroma Meter CR-400/410 colorimeter (Minolta, Osaka, Japan) was used to determine the color properties of coated and uncoated egg shells. The values of the CIE (Commission Internationale d'Eclairage of France) color method using tristimulus color values were determined.
Albumen pH Measurement
Ten mL of thin and thick albumens were mixed inside centrifuge tubes and homogenized for 20 sec using a laboratory homogenizer (Homogenizer, OMNI International, Kenneswa, GA, USA), then the pH of the albumen was measured using a pH meter (accumet AB 150, Fisher Scientific, Fair Lawn, NJ, USA).
Determination of Weight Loss
Eggs were individually weighed in the semi-analytical balance with an accuracy of 0.01 g (BL3200H, Shimadzu, Tokyo, Japan) for the determination of the average egg weight. The weight loss of the coated whole eggs during storage was expressed in a percentage and calculated as following:
weight loss (%) = initial weight o f whole coated egg at day 0 (g)−weight o f whole egga f ter storage (g) initial weight o f whole coated egg at day 0 (g) × 100 (2)
Inoculation on Egg Shell
Eggs were sanitized with 70% ethanol using a spray method and kept in a biosafety cabinet until completely dry. A spot inoculation method described by Jindal and Sritham [12] was used in this study, with some modification. Colonies of Salmonella enterica (ATCC 53648) were isolated from Trypticase soy broth (TSB) agar plates and transferred into tubes containing TSB broth. The incubated TSB broth, which was supplemented with 0.6% yeast extract (TSBYE) (Difco, Becton Dickinson Co., Durham, NC, USA), gave cell populations of approximately 10 8 CFU/mL. Then, the cultures were serially diluted with sterile peptone water (0.1%, v/v) to approximately 10 7 CFU/mL. One hundred microliter of bacteria was spot inoculated onto the marked surface area (1.5 cm 2 ) on the egg shells. Uncoated eggs served as control samples. The inoculum was applied in approximately equal volumes in eight-ten spots over the marked surfaces. Eggs samples were air dried for 1 h under the biosafety cabinet to allow the attachment.
Antibacterial Analysis
Dried droplets were swabbed using sterile and moist cotton buds, and dispersed into 9 mL of sterilized peptone solution (0.1%, w/v) and vortexed vigorously for~1 min. Then, 1 mL of peptone solution was withdrawn and serially diluted into 9 mL of peptone water. One hundred microliters of appropriate dilutions were surface plated onto brain heart infusion (BHI). Plates were incubated at 37 • C for 24 h, and colonies of Salmonella were counted and reported as colony forming units (CFU).
Statistical Analysis
The experiments were independently triplicated (n = 3). Two-way analysis of variance (ANOVA) was applied to the data at a probability level of 0.05. Tukey's test was used to determine the significant difference between treatments. The statistical software of SAS (version 16.0, SAS Institute, Cary, NC, USA) was utilized to analyze all the statistical analyses of data. Table 1 represents the Haugh unit of uncoated and coated eggs during five weeks of storage at 25 • C. The Haugh unit is used to determine the internal quality (quality of albumen) of table eggs. It is estimated from the height of the egg albumen as a distance of 1 cm from the edge of egg yolk. The height of the albumen is used to assess its viscosity. Albumens with lower viscosity are rated as poor quality due to a low concentration of proteins [13] . In this research, Haugh units reduced significantly (p < 0.05) for all treatments during storage time, but the reduction in Haugh unit was more pronounced for uncoated samples. Mota, Abreu, Pereira, Freitas, Silva, and Lima [14] reported similar results for eggs that were coated with yam starch and stored for 28 days at 25 • C. They concluded that the albumen becomes less viscous with storage and consequently the albumen height reduces, resulting in lower Haugh units values. However, there was no significant (p > 0.05) difference for eggs that were coated with SPS-based coating incorporated with 4% and 6% TEO, except for week 3. According to Yüceer and Caner [15] , the eggs can be graded as: AA, HU > 72; A, HU = 71−60; B, HU = 59−31; and C, HU < 30. Therefore, in our study all coated eggs maintained an AA grade throughout the storage period, but uncoated eggs dropped from grade AA to grade A at the end of storage. Yüceer and Caner [15] , who used lysozyme-chitosan coatings, reported that the Haugh unit decreased after six weeks of storage for uncoated eggs; on the other hand, lysozyme and chitosan maintained the albumen quality after the storage period. The findings of our study demonstrated that SPS in combination with TEO was able to preserve the albumen quality during long-term storage.
Results and Discussion
Haugh Unit
Yolk Index
The internal quality of table eggs is also estimated from their yolk index. Table 2 reflects the yolk index for coated and uncoated eggs. The ratio of yolk height to yolk width is considered to be the yolk index. It is an indirect measure of the strength of the yolk vitelline membrane and can be used to assess egg freshness-the higher the yolk index, the better the yolk quality [16] . The present study showed that the yolk index of eggs that were coated with the SPS-based coating with incorporated TEO was not significantly higher (p > 0.05) than eggs that were uncoated after five weeks of storage at 25 • C. Similarly, Obanu and Mpieri [17] showed that there were no significant (p > 0.05) differences in the yolk index values of eggs coated with cottonseed, coconut, and groundnut oils after 36 days of storage at room temperature. However, in our study, the yolk index values for coated eggs (0.2 to 0.28) were numerically higher than uncoated (0.22) eggs after five weeks of storage. A decrease in yolk index indicates a weakening of the yolk vitelline membrane which separates the yolk from the albumen, which results in the exchange of gas and water between the albumen and yolk [18] . The Haugh unit, weight loss, and yolk index are highly correlated. This study showed that an SPS-based coating and TEO could preserve the albumen and yolk quality of eggs for at least three more weeks compared to those of uncoated eggs, since the coating reduces the rate of moisture and CO 2 loss from the albumen via the eggshell. 
Shell Breaking Strength
The external quality of table eggs is assessed from its shell strength. Egg shell strength is very important since it reduces the susceptibility of egg shell breakage due to storage and handling. Shell breaking strength is defined as the minimum force, in Newton, that is required to cause failure of the shell [19] . Table 3 represents the shell breaking strength for both coated and uncoated eggs. The present study reflected that SPS-based coatings incorporated with different concentrations of TEO significantly improved the shell strength of table eggs compared to their counterparts that were either uncoated or coated with only SPS. The findings of the present study complemented the findings of Zhao et al. [20] and Wardy et al. [21] . Wardy et al. [21] highlighted that a polysaccharide-based coating could ensure the AA gradation of table eggs, even after prolonged storage. Table eggs are graded based on different parameters and shell strength is one of the significant markers that determines the grade of table eggs. Hence, the present study indicated that SPS-based coatings incorporated with different concentrations of TEO were effective in retaining the quality of table eggs under different storage conditions. On the other hand, Zhao et al. [20] highlighted the importance of shell strength in reducing the bacterial content of table eggs. This study clearly indicates the potential application of the SPS-based coating in minimizing egg breakage, especially when TEO is used.
Color Parameters
The other external parameter that is used to express the external quality of table eggs is color parameters. Egg shell color affects the consumer acceptance of eggs. The color of the shell of commercial table eggs is brown, white, or tinted. Odabaşi et al. [22] highlighted that the color of an egg diminishes with its age or time of storage. The color parameters of coated and uncoated eggs are presented in Table 4 . The tristimulus color values were used to assess the color properties of coated and uncoated eggs. By convention the L* value ranged from 0 (black shade) to 100 (white shade), while the a* value ranged from +60 (red) to −60 value (green). On the other hand, the positive values of the b* value indicated a yellow shade, while the negative values of the b* value indicated a blue shade. The present study reflected that SPS-based coatings incorporated with different concentrations of TEO were effective in preserving the color of egg shells. The addition of TEO at different concentrations of 2%, 4%, and 6% reduced the L* value of egg shells, due to the indigenous pigments of TEO. Although the L* values of coated eggs decreased, these values ranged from 95.92 to 94.29, indicating light-colored coated eggs after five weeks of storage. For eggs coated with the SPS-based coating containing 6% TEO, a* values were significantly higher (reddish color) than uncoated eggs and other coated eggs after one and three weeks. However, there was no significant (p > 0.05) difference between uncoated and coated eggs after five weeks of storage in terms of a* values. There was a significant (p < 0.05) increase in yellowness (b* values) for eggs that were coated with different concentrations of TEO compared to their counterparts that were uncoated or coated with SPS. These findings indicate that the incorporation of TEO significantly increases the yellowness of coated eggs. Issa et al. [7] reported the same trend for the SPS-based films with TEO. They concluded that by increasing the oil concentrations, the b* value of the film is also increased. This effect could be related to the light scattering impact of oil droplets in the film. The oil droplets in the film could enhance the lightness index of the film.
Weight Loss
Previous studies have shown that during storage time, the egg weight decreases significantly, since moisture and gases escape from the shell [23] . Figure 1 depicted the percentage of weight loss for coated and uncoated eggs. The results indicated that the eggs that were coated with either SPS alone or SPS incorporated with different concentrations of TEO exhibited significantly (p < 0.05) lower weight loss compared to their uncoated counterparts. The highest weight loss recorded was approximately 17% for uncoated eggs, and the lowest percentage was 3% for eggs coated with the SPS-based coating with TEO. The hydrophobic properties of TEO minimized the loss of water, in addition, SPS coats are an excellent seal for pores on the shell of the egg. Wardy et al. [21] indicated that coating with soybean oil reduced weight loss by at least 9.8 and 4.0 times for soybean oil-chitosan when compared with uncoated eggs after five weeks at 25 • C. There are many factors involved that could contribute to the different weight losses observed in both studies. These factors include the different coating materials used, egg size, shell porosity, relative humidity, hens' age, and the initial albumen quality of eggs expressed by the Haugh unit.
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pH Values
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Sadeyen et al. [31] highlighted that Salmonella is a common bacterium that is found in table eggs. Such pathogens inhabit the intestines of most avian species and are transmitted vertically in their offspring. The authors further highlighted that the risk of Salmonella infection increases with the time of storage. Table 5 shows the effects of five treatments on bacterial counts of Salmonella enterica (ATCC 53648) on the surface of eggs during storage at 25 • C. The initial population of Salmonella in inoculated eggs was about 6.67 log CFU/g. The viable numbers of bacteria were reduced from 6.67 to 4.78 on uncoated eggs after five weeks of storage. This could be due to the depletion of nutrients on the egg shells and competition with other microorganisms. The SPS coating with different concentrations of TEO significantly (p < 0.05) reduced the growth of Salmonella throughout the storage. However, when eggs were coated with 6% TEO, Salmonella enterica populations remained below the detectable level (<10 CFU/mL) after five weeks, indicating that 6% TEO exhibited potent antibacterial activity compared to other concentrations of TEO (p < 0.05). There was no significant (p > 0.05) difference between the antibacterial activity of edible coatings that contained 4% TEO and those that were contained 6% TEO. Therefore, the optimum concentration of TEO that exhibited antibacterial activity against Salmonella enterica was 4% TEO. The findings of the present study were similar to Alotaibi and Tahergorabi [8] , who reported that TEO incorporated in SPS-based coating is effective in reducing the total plate count of bacteria on shrimp meat during storage time.
The antimicrobial activity of TEO is attributed to their essential oils, which contain terpenes thymol (5-methyl-2-[1-methylethyl) phenol]). Gram-negative bacteria are sensitive to thymol, since thymol breaks down the cellular membrane of the bacteria and releases the lipopolysaccharides. Therefore, it increases the permeability of the cytoplasmic membrane to adenosine tri-phosphate. Phenolic compounds (terpenoids) such as thymol and carvacrol are abundant in TEO. However, lower concentrations of terpenes such as p-cymene and γ-terpinene exist in TEO. The terpenoids are active against a broad spectrum of microorganisms. The antimicrobial action of phenolic compounds, such as thymol and carvacrol, is expected to cause structural and functional damages to the cytoplasmic membrane [5] .
The present study also implicated that the bacteriostatic and bactericidal actions of TEO are dependent on its concentration. In fact, SPS-based coatings containing 6% TEO exhibited higher bactericidal or bacteriostatic activity compared to 2% or 4% TEO. The findings in this study are in agreement with those of Issa et al. [5] , who highlighted that 6% TEO exhibited potent antibacterial activity against major food-borne microbes. The present study further showed that the synergistic antibacterial activity of SPS and TEO was evident with 4% and 6% TEO. Considering the economic loss resulting from the microbial contamination of food items, edible coatings based on SPS incorporated with TEO provide viable options for ensuring the safety of the eggs. Therefore, it could be desirable to apply the addition of TEO as an antimicrobial agent to SPS for the coating of eggs, to achieve the inhibition effect of Salmonella enterica.
Conclusions
The present study indicated that SPS-based coating incorporated with TEO can improve the safety of eggs, and maintain the quality of coated eggs (Haugh units, yolk index, shell breaking strength, shell color, albumen pH, and weight loss) during the storage at 25 • C. In some countries around the world access to a refrigerator is difficult. Therefore, surface coating could be an alternative method to preserve the internal quality of eggs and prevent microbial contamination. This practice may help reduce economical loss from breakage as well as extend the shelf-life of eggs, which would ultimately save money for consumers and the food industry.
